ABSTRACT. Early onset neonatal GBS infection is associated with pulmonary hypertension, pulmonary edema, and arterial hypoxemia. Although the mechanisms underlying these cardiopulmonary disturbances are not completely understood, multiple lines of evidence suggest that inflammatory mediators may be involved. This study examined the actions of dimethylthiourea (DMTU), a relatively selective scavenger of hydroxyl radical, on GBSinduced pulmonary hypertension, arterial hypoxemia, and pulmonary edema formation in young piglets. Relative to control animals, intravenous infusion of GBS (10' organisms/kg/min for 60 min) provoked sustained increases in pulmonary arterial pressure (Ppa: +88%) and total pulmonary resistance (TPR: 128%). GBS infusion also was associated with profound decreases in arterial Poz (-58%). Pulmonary edema was present in GBS-treated animals as evidenced by an 8.4% increase in the lung wet-to-dry weight ratio. After pretreatment with DMTU (0.75 g/kg administered intravenously over 30 min), GBS increased Ppa by 33% and TPR by only 16%. Similarly, after DMTU pretreatment GBS decreased arterial oxygen tension by only 12%. DMTU also limited the GBS-induced increase in lung wet-to-dry weight ratio to 2.6% These findings demonstrate that DMTU attenuates GBS-induced pulmonary hypertension, pulmonary edema, and arterial hypoxemia and suggest that hydroxyl radicals play an important role in these cardiopulmonary disturbances. (Pediatr Res 24: 735-739,1988) Abbreviations CI, cardiac index DMTU, dimethylthiourea GBS, group B streptococci Ppa, mean pulmonary arterial pressure Psa, mean systemic arterial pressure TPR, total pulmonary resistance though the mechanism(s) underlying the adverse cardiopulmonary effects of GBS infection are not completely understood, recent experiments in animal models have provided compelling support for involvement of eicosanoids. For example, in GBStreated piglets, both cyclooxygenase and thromboxane A2 synthetase inhibition (1-3) forestall development of cardiopulmonary abnormalities. Blockade of peptidoleukotriene receptors also has been shown to exert salutary effects on GBS-induced hemodynamic and bronchomotor responses (4-6). Along with these mediators, numerous studies in adult animals have suggested that toxic oxygen radicals play a central role in development of acute lung injury (7). Involvement of oxygen radicals in GBS-induced cardiopulmonary disturbances has not been examined.
though the mechanism(s) underlying the adverse cardiopulmonary effects of GBS infection are not completely understood, recent experiments in animal models have provided compelling support for involvement of eicosanoids. For example, in GBStreated piglets, both cyclooxygenase and thromboxane A2 synthetase inhibition (1-3) forestall development of cardiopulmonary abnormalities. Blockade of peptidoleukotriene receptors also has been shown to exert salutary effects on GBS-induced hemodynamic and bronchomotor responses (4) (5) (6) . Along with these mediators, numerous studies in adult animals have suggested that toxic oxygen radicals play a central role in development of acute lung injury (7) . Involvement of oxygen radicals in GBS-induced cardiopulmonary disturbances has not been examined.
The present studies evaluated the contribution of hydroxyl radicals to development of GBS-induced lung injury and pulmonary hypertension in young piglets. We reasoned that if hydroxyl radicals played a central role, then a scavenger of this oxidant species, DMTU, should attenuate the adverse cardiopulmonary consequences of GBS. We focused our efforts on hydroxyl radicals and on DMTU for several interrelated reasons. First, hydroxyl radicals seem to be the most toxic of the oxygen radical species (7) and are believed to play causative roles in the acute lung injury provoked in adult animal models by endotoxin, phorbol myristate acetate, hyperoxia, and thiourea (8) (9) (10) . Second, because DMTU is a reasonably selective scavenger of hydroxyl radicals (lo), beneficial effects of this agent are strongly suggestive of hydroxyl radical involvement. Third, inasmuch as DMTU is a small, relatively lipophilic molecule, it has the potential to cross cell membranes and thereby scavenge intracellularly generated hydroxyl radicals. This latter feature may be important if intracellular generation of oxidants is a key component of lung injury in the setting of GBS-induced sepsis as it may be in other models of lung injury (1 1, 12).
MATERIALS AND METHODS

TSR, total systemic resistance
Animal model. Twenty-four young piglets unselected as to gender and ranging in age and weight from 6 to 14 days and 2 to 4.5 kg, respectively, were randomly assigned to four experimental groups as described below. Animals were anesthetized A major consequence of early onset neonatal GBS infection is with an intraperitoneal injection of 30 mg/kg sodium en to barprofound pulmonary hypertension and arterial hypoxemia. ~1 -bital and placed on a heat-exchanging pad to maintain body temperature at 38" C k lo. Catheters were introduced to permit PAULY (Edwards Laboratory model 9520A thermodilution cardiac output computer, Santa Anna, CA), 1.0 ml ice-cold saline was injected into a catheter introduced into the right femoral vein and advanced to the level of the right atrium while changes in blood temperature were detected by a 5F thermistor-tipped, double lumen catheter inserted into the left carotid artery and advanced to the aortic arch; arterial blood samples for blood gas determination were taken from a lumen of the thermistor-tipped catheter; DMTU or its vehicle (isotonic saline) was infused into the left femoral vein; and GBS or its vehicle was infused into the right external jugular vein. Psa and Ppa were monitored using Statham P23 pressure transducers (Gould, Inc., Oxnard, CA) zeroed at mid-thoracic level in conjunction with a Grass model 7 polygraph (Grass Instruments, Quincy, MA). Arterial blood gases and pH were determined in 0.8 ml blood samples using an Instrument Laboratories model 2 13 blood-gas analyzer (Lexington, MA). The following computations were performed: TPR was calculated as the quotient of Ppa and CI; TSR was calculated as the quotient of Psa and CI. In cases where multiple cardiac index measurements were obtained per time point, the averaged value was used in the above calculations.
After catheter introduction, a tracheostomy was performed, and the animals were connected to a Harvard small animal ventilator. The animals were then paralyzed with pancuronium bromide (0.75 mg/kg intravenous followed by supplemental doses of 0.4 mg/kg as needed) and ventilated at 50 breathslmin with a mixture of 30% 0 2 in N2, using a tidal volume of 7 ml/ kg. At the onset of a 20-min acclimatization period, ventilator settings were adjusted to attain baseline arterial Po2, Pco2, and pH of approximately 100 torr, 40 torr, and 7.4, respectively. Ventilator settings were not changed during the subsequent experimental protocols.
Upon termination of each experiment, the animals were killed with a lethal dose of i.v. sodium pentobarbital, and the lungs were excised rapidly. After the right lung was blotted on filter paper to remove adherent blood and extrapulmonary tissue was dissected free, it was weighed wet and then dried at 70" C until a stable dry weight was obtained. As validated by Collins et al. (1 3) , the ratio of blood inclusive wet weight to the blood inclusive dry weight was taken as an index of pulmonary edema formation.
Bacterial preparation. Cultures of GBS (Streptococcus agalacticae: American-type Culture Collection, Difco Laboratories, Detroit, MI) were grown to late log phase in 500-ml aliquots of Todd-Hewitt broth (Difco Laboratories). The broth was then centrifuged at 2500 x g for 30 min and the resulting pellet resuspended in D5 Ringer's lactate solution to a final bacterial concentration of approximately 1 x lo9 organisms/ml. Bacterial concentration was determined using conventional quantitative culture techniques by relating colony-forming units to optical density. Bacteria were stored at 4" C and used within 1 wk of preparation. Viability at the time of use was routinely more than 70%.
Experimental protocol. Four groups of six animals were studied. One group served as control and received a 60-min infusion of the GBS vehicle, D5 Ringer's lactate solution, plus a 30-min infusion of sterile saline, the vehicle for DMTU. The total volume of infusates was 18 to 20 cc, depending on the weight of the animal. The DMTU-vehicle infusion was initiated 15 min prior to GBS-vehicle administration. A second group of animals received a 60-min infusion of approximately 1 X 10' GBS/kg/min plus the vehicle for DMTU, administered as described above. The third group received the vehicle for GBS plus 0.75 g DMTU/ kg over a 30-min infusion period. DMTU was purchased from (Aldrich Chemicals Co. Milwaukee, WI). Finally, the fourth group received GBS plus DMTU. Hemodynamic and blood gas parameters were determined at 10-min intervals beginning 20 min prior to GBS and continuing for the 60-min infusion period.
Statistical analysis. Time and experimental group-dependent differences in hemodynamic and blood gas parameters were evaluated using a 2-way analysis of variance combined with Newman-Keuls' test for multiple comparisons when appropriate. Experimental group-dependent differences in the lung wet-todry weight ratio were evaluated using a one-way analysis of variance combined with Newman-Keuls' test for multiple comparisons. In both cases, p values 50.05 were considered to denote statistical significance. Data are presented as the mean +-SE.
RESULTS
Baseline hemodynamic parameters. Baseline hemodynamic parameters are shown in Table 1 . There were no differences among the four experimental groups in terms of baseline mean pulmonary or systemic arterial pressures. However, baseline CI was significantly greater in animals assigned to the GBS and GBS plus DMTU treatment groups than in control animals or animals receiving DMTU. These differences in CI were translated into significantly decreased baseline TPR in animals to be assigned to the GBS treatment group. Because of these differences in baseline values, data regarding the effects of GBS and DMTU, given alone or in combination, are depicted graphically in terms of time-dependent changes from baseline. However, results of statistical analyses performed on data transformed in this manner and on absolute data are provided below.
Effects of DMTU on GBS-induced changes in hemodynamic parameters. The effects of GBS and DMTU, alone and in combination, on changes in Ppa, Psa, and CI are shown in Figure  1 . Although Ppa was stable in control animals and animals treated with DMTU, animals receiving GBS exhibited a significant 30-torr increase which was sustained over the 60-min observation period. This increase was significantly attenuated by DMTU; Ppa in animals treated concomitantly with GBS plus the hydroxyl radical scavenger increased initially by 18 torr and then declined by 20 min to a level that was 5 to 10 torr above the preinfusion baseline. Changes in Psa exhibited by the four experimental groups did not attain statistical significance, although there was a trend for an increase in Psa in GBS-treated piglets that was not observed in animals receiving GBS plus DMTU. Statistical analyses applied to absolute pulmonary and systemic arterial pressures in the four experimental groups revealed effects of DMTU identical to those described above: DMTU significantly attenuated the rise in Ppa provoked by GBS. Similarly, there were no significant inter-group differences in the response of Psa to GBS or DMTU. Also, as shown in Figure 1 , GBS-treated animals exhibited significant decreases in CI which were attenuated by concomitant administration of DMTU at all times except the 30-min point. However, when absolute data were analyzed, differences between experimental groups did not attain statistical significance, although the same trends for a GBS-induced reduction in CI and protection by concomitant treatment with DMTU were evident.
The actions of GBS and DMTU, alone and in combination, on changes in calculated TPR and TSR are shown in Figure 2 . Group B streptococci caused a significant increase in TPR which was apparent as early as 10 min after initiation of infusion and * Different from control and DMTU groups at p < 0.05. sustained for the duration of the observation period. The increase was reduced by approximately 66% when GBS and DMTU were co-administered. Analysis of absolute TPR, as opposed to changes in TPR from baseline, revealed identical results: DMTU attenuated the increase normally provoked by GBS. Changes in TSR followed a similar pattern. GBS-treated animals exhibited sustained increases which were abolished by concomitant administration of DMTU. Analysis of absolute TSR data indicated that the increases at 10 and 20 min postGBS were attenuated but not abolished by DMTU, whereas differences between GBS and GBS plus DMTU-treated animals occurring after 30 rnin of infusion did not attain statistical significance.
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Effects of DMTU on GBS-induced changes in arterial blood gases and lung water. The effects of DMTU on GBS-induced changes in arterial Po2, Pc02, and pH are shown in Figure 3 . Piglets infused with GBS exhibited profound decreases in Po2 which were sustained throughout the 60-min observation period. Dimethylthiourea abolished these changes: arterial Po2 did not differ significantly between control animals, animals treated with DMTU, and animals treated with GBS plus DMTU. Although time-dependent differences in arterial Pcoz among the four experimental groups did not attain statistical significance, animals receiving GBS tended to become hypercarbic. Similar trends were not observed for the other experimental groups, notably the animals receiving GBS and DMTU concomitantly. Arterial pH decreased significantly within 20 min in GBS-treated animals. Neither control animals, animals treated with DMTU alone, nor animals receiving GBS plus DMTU exhibited timedependent changes in arterial pH.
As illustrated in Figure 4 , group B streptococcus infusion was associated with modest accumulation of lung water as evidenced by an 8.4% increase in lung wet-to-dry weight ratio. Although DMTU itself failed to influence the ratio, the increase normally caused by GBS infusion was limited to 2.6% in animals treated simultaneously with GBS plus DMTU.
DISCUSSION
The prominent observations of this study are that treatment of young piglets with DMTU attenuates development of GBSinduced pulmonary hypertension, arterial hypoxemia, and pulmonary edema. Although spurious inconsistencies in baseline CI values complicated data interpretation to some extent, the protective actions of DMTU were apparent regardless of whether the statistical analyses focused on changes from baseline or on absolute values. Inasmuch as DMTU is a relatively selective scavenger of hydroxyl radicals (lo), our findings support the conclusion that this oxidant species plays a central role in the cardiopulmonary consequences of GBS septicemia. The young piglet with GBS-induced pulmonary hypertension and lung injury thus joins a rather extensive list of experimental models of acute respiratory distress in which hydroxyl radicals can be implicated on the basis of the salutary effects of DMTU (8-10).
PAULY ET AL. TIME (min) TIME (min) Fig. 3 . Arterial Poz, Pco~, and pH in control piglets and piglets treated with GBS, DMTU, or GBS plus DMTU. n = 6 for each group. Data are expressed as the mean k SEM. * Different from all other groups at p < 0.05, 5 different from both DMTU and GBS/DMTU at p < 0.05.
A diverse array of oxidant-generating cell types may be involved in GBS-induced cardiopulmonary toxicity. Because polymorphonuclear leukocytes are found diffusely throughout the pulmonary vasculature in infants and experimental animals with GBS septicemia (14, 15) , and because toxic oxygen metabolites derived from these cells have been implicated in a variety of models of acute lung injury (7), it is reasonable to suspect that polymorphonuclear leukocytes participate in the cardiopulmonary response to GBS septicemia. In direct support of this contention, Englehardt and co-workers (16) have shown that granulocyte depletion with hydroxyurea attenuates pulmonary mechanical and hemodynamic abnormalities evoked by GBS infusion in young lambs. Another cell type that may be involved in GBS-induced neonatal respiratory distress is the pulmonary intravascular macrophage, which, if functionally similar to alveolar macrophages (17) , also elaborates toxic oxygen radicals. Although specific interactions between this cell type and GBS have not been reported, Warner et al. (1 8) have demonstrated in adult sheep that uptake of Pseudomonas aeruginosa by pulmonary intravascular macrophages is associated with evolution of respiratory distress. Interestingly, infusion of the same organism into rats, a species relatively devoid of pulmonary intravascular macrophages, fails to promote overt pulmonary dysfunction. Young piglets seem to resemble sheep: they exhibit both a brisk pulmonary response to GBS and a significant population of pulmonary intravascular macrophages, the density of which appears to increase during the first several weeks of extrauterine life (19) . Finally, GBS also may interact directly with pulmonary TREATMENT Fig. 4 . Postmortem lung wet-to-dry (wet/dry) weight ratios in control animals and in animals treated with GBS, DMTU, or GBS plus DMTU. n = 6 for each group. * Different from all other groups at p < 0.05. vascular endothelial cells to affect intracellular generation of oxidants with attendant endothelial dysfunction. This possibility, too, has not been examined in the specific case of GBS, but it is noteworthy that endotoxin and Salmonella minnesota promote oxidant generation in cultured endothelial cells (1 1, 12) . Because DMTU is a relatively small, lipophilic molecule, it might be expected to scavenge intracellularly generated radicals while larger scavengers, such as superoxide dismutase or catalase, would be unable to do so. Perhaps a comparison of these three scavenger systems would prove valuable in localizing oxidant generation to extra-versus intracellular sites.
Previous reports indicate that arachidonic acid metabolites play central roles in the development of GBS-induced neonatal cardiopulmonary dysfunction. Compelling evidence supports involvement of cyclooxygenase products: GBS infusion is accompanied by accumulation of immunoreactive TXB2, and the acute pulmonary hypertensive response can be abrogated or reversed by cyclooxygenase inhibitors and/or thromboxane synthetase inhibitors (1) (2) (3) . In support of a role for 5'-lipoxygenase products, Goldberg and coworkers (4) (5) (6) have demonstrated that FPL 5723 1, an inhibitor of peptidoleukotriene receptors, suppresses both airways and pulmonary hemodynamic abnormalities evoked by GBS. Results of the present study raise the issue as to how toxic oxygen radicals interact with arachidonic acid metabolites in GBS septicemia. One probable mechanism is that oxidants initiate production of eicosanoids which then serve as primary injurious mediators. Tate et al. (20) have shown that chemically generated oxygen radicals evoke thromboxane synthesis and thromboxane-dependent vasoconstriction in isolated, salt-solution-perfused rabbit lungs. Similarly, we (21) and others (22) have demonstrated in isolated salt-solution-perfused rat lungs that hydrogen peroxide provokes accumulation of 5'-lipoxygenase products and that blockade of either lipoxygenase or peptidoleukotriene receptors inhibits hydrogen peroxide-induced edema formation. Thus, in isolated lung preparations, toxic oxygen radicals appear to evoke eicosanoid-dependent changes which resemble those occurring in GBS-treated young piglets.
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It is tempting to speculate that blockade of oxygen radicals and/or eicosanoids could serve as novel therapeutic approaches to GBS septicemia. One aspect of this possibility that warrants special consideration is whether blockade of either of these pathways disrupts host bacterial defense systems and thus exacerbates the bacteremia. This seems to be particularly relevant in the case of oxygen radical inhibition because oxidative killing is likely an important host-defense mechanism. Additional experiments will be necessary to resolve this issue.
In summary, results of the present study indicate that DMTU protects young piglets against GBS-induced pulmonary hypertension, pulmonary edema, and arterial hypoxemia and thereby implicate hydroxyl radicals in the cardiopulmonary consequences of GBS infection in this animal model. The cell type(s) responsible for oxidant production, the relation of oxidants to eicosanoid generation, and the specific role(s) of these mediators in GBS infection remain to be established.
